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pHMorphological response (MR) of red blood cells represents a triphasic sequence of spontaneously occurring
shape transformation between different shape states upon transfer the cells into isotonic sucrose solution in
the order: S0 (initial discoid shape in physiological saline)→S1 (echinocytic shape at the beginning of MR,
phase 1)→S2 (intermediate discoid shape, phase 2)→S3 (ﬁnal stomatocytic shape, phase 3). In this paper,
the dynamics of cell shape changes was investigated by non-invasive light ﬂuctuation method and optical
microscopy. Among 12 possible transitions between four main shape states, we experimentally demonstrate
here an existence of nine transitions between neighbour or remote states in this sequence. Based on these
ﬁndings and data from the literature, we may conclude that red blood cells are able to change their shape
through direct transitions between four main states except transition S1→S0, which has not been identiﬁed
yet. Some shape transitions and their temporal sequence are in accord with predictions of bilayer couple
concept, whereas others for example transitions between remote states S3→S1, S1→S3 and S3→S0 are
difﬁcult to explain based solely on the difference in relative surface areas of both leaﬂets of membrane
suggesting more complex mechanisms involved. Our data show that MR could represents a phenomenon in
which the major role can play pH and chloride-sensitive sensor and switching mechanisms coupled with
transmembrane signaling thus involving both cytoskeleton and membrane in coordinated shape response on
changes in cell ionic environment.blood cells; MR, morphological
dard sucrose solution; NSVDC,
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Under physiological conditions, a normal human RBC assumes a
biconcave discoid shape. It is well known that a variety of agents can
modify this shape systematically and reversibly at constant area and
volume ([1–4] and references therein). One set of agents, including
anionic amphipaths, high salt, high pH, ATP depletion, cholesterol
enrichment and proximity to a glass surface, induces a series of
crenated shapes, called echinocytes, characterized by convex rounded
protrusions or spicules. Another set of agents, including cationic
amphipaths, low salt, low pH and cholesterol depletion, induces
concave shapes called stomatocytes. These shape responses are
universal in the sense that the shapes seen and their order of
appearance do not depend on which echinocytogenic or stomatocy-
togenic agent is used. The RBC consists of a composite membrane
including a ﬂuid and asymmetric lipid bilayer in which integral
proteins or transmembrane and amphiphilic proteins are diffusing or
are immobilized by their non-covalent bindings to peripheral proteins
and a ﬂexible membrane skeleton scaffold laminating the cytoplasmic
surface of the lipid bilayer and constituted by peripheral proteins. Theﬁrst explanation for these shape changes was provided by Hoffman
[5] and Sheetz and Singer [6] who proposed that the mechanism
involves membrane disbalance and small changes in the relaxed area
difference ΔA0 between the two leaﬂets of the plasma membrane.
Thus, any effect that expands the outer leaﬂet relative to the inner one
(increasing ΔA0) produces a tendency to form convex structures on
the cell surface (e.g., echinocytic spicules); conversely, an expansion
of the inner leaﬂet relative to the outer one (decreasing ΔA0) favors
concavities (e.g., stomatocytic shapes). A recently proposed model
postulates that the erythrocyte shape is determined by the bending
elasticity of the lipid bilayer and shearing and stretching elasticity of
the membrane skeleton [7,8]. This so-called bilayer couple concept
(BCC) explains the universality of the main, stomatocyte–discocyte–
echinocyte or reverse sequences by postulating that all shape
changing agents (chemical, or physical) act solely or mainly through
their effect on ΔA0. This model is also able to reproduce the different
stages of the echinocytosis and stomatocytosis by a simple variation of
the relative areas of the inner and outer leaﬂets of the lipid bilayer as
well as to predict existence of other shapes outside of this main
sequence seen under certain conditions [7]. Bilayer couple concept
was successfully applied to qualitatively and quantitatively explain
RBC shape changes induced by variety of exogenous stimuli [9–14].
An apparent difﬁculty with these mechanical models is their poor
ability of explaining erythrocyte shape changes induced by alterations
of pH and ionic composition of the medium [1,15–18]. Erythrocytes
equilibrated in altered pH buffers assume altered shapes. Below
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tic), above pH 8.0 curvature becomes positive (echinocytic). It has
been showed that change in neither cell water nor cell chloride
altered the morphology of normal pH cells. In contrast, change in cell
pH caused shape change in normal-range membrane potential and
cell water content. The results show that change in cytoplasmic pH is
both necessary and sufﬁcient for the shape changes and vesiculation
[19] of human erythrocytes equilibrated in altered pH environments
[16]. Thus, it can be proposed that lowering of intracellular pH
decreasesΔA0 of themembranebilayerwhile elevation of pH increases
ΔA0 [15,16]. The problem, however, persists that molecular structures
responsible for changes in ΔA0 remain largely unclear. Several authors
have recently proposed that membrane-bound proteins play an active
or even dominant role in controlling shape changes [3,17,20].
Wong [3] have suggested that most of amphiphilic compounds, if
not all, alter the shape by altering the conformation of Band 3 (AE1 or
anion exchanger 1). Indeed, they inhibit the Band 3 anion transport
activity, and several of them inhibit the Band 3 anion transport activity
and alter the shape concomitantly. The slowly transported Band 3
substrates arsenate, iodide, nitrate, oxalate and vanadate and the
speciﬁc Band 3 anion transport inhibitors dipyridamole, DIDS and
DNDS are echinocytogenic [21–23]. This model differs qualitatively
from mechanical models in that the membrane skeleton by its high
conformational ﬂexibility is used to generate different shapes and that
Band 3 conformation determines the membrane skeleton conforma-
tion. This function of the membrane skeleton is consistent with
proposals that it plays a more dominant role than the lipid bilayer
asymmetry in determining the erythrocyte shape [24,25]. The
mechanism predicts shape changes with changes of pH and ionic
composition since the Band 3 conformation depends on the Donnan
equilibrium ratio of Cl−, HCO3− and H+ which is inﬂuenced by pH and
ionic composition. It could explain several other observations directly
or indirectly related to the erythrocyte shape, suggesting its plausi-
bility [3,4]. The other view is, however, that bilayer has a dominant role
while skeleton plastically accommodates the contours imposed upon
it by the overlying membrane [26,27].
Gimsa and Ried [17] have also suggested that the erythrocyte shape
transformations produced by pH change are caused by a Band 3
conformational change since they occur too rapidly to be explained by a
redistribution of the phospholipids of the lipid bilayer. The results of
Betz et al. [20] seem to conﬁrm this suggestion. It should be noted,
however, that neither model contradicts to BCC but differing only in
recognizing detailed membrane components governing local area
expansion or contraction. In the Wong model, conformation of cyto-
skeleton plays a dominant role whereas in Gimsa model this role
belongs to conformational state of imbedded membrane proteins. An
important aspect is that these two models are mutually exclusive
because according to Wong outward facing conformation of AE1
produces stomatocytes while the opposite is suggested by the other
model where this conformation has a larger external cross section
producing echinocytes. Hence, only one approach if any should be valid.
Another parameter assumed to affect the RBC shape per se is the
transmembrane potential [28,29]. However, the effect of the trans-
membrane potential is controversial because other authors claimed
no causal relationship between membrane potential and cell shape;
thus, a possible mechanism still remains unclear [20,21,30–32].
According to BCC, crenated or invaginated forms represent a
transitional stage of shape changes that occur classically during disc-
sphere transformations of constant volume [33]. These transforma-
tions, going from smooth biconcave discs to spheres can be induced
not only by exposure to a variety of surface-active agents but even by
a pH gradient [1]. The shape changes are known to take place rapidly
(seconds) and can be reversed by removal of the “sphering” agent
[1,33]. Spontaneous reversal of the shape change, from spheres back
to discs, may occur also in suspensions of cells remaining in the
presence of a sphering agent [1,34]. This type of spontaneous reversalwas correlatedwith the equilibrium distribution of the sphering agent
between the bulk and cellular phases andwere interpreted to indicate
that the agent was at equilibrium on the two sides of the membrane
[1]. In many special cases, reversion proceeds further to stomatocytic
or echinocytic shapes in time and concentration dependent manner.
For example, the spiculated McLeod erythrocytes were converted by
chlorpromazine into biconcave disks at lower concentration and, at
higher concentration, into stomatocytes [35]. Similarly, in spherical
erythrocytes from long-preserved blood increase in ATP content is
accompanied by a shape change of the cells to discoidal form via a
crenated form without volume changes [36]. Sodium salicylate-
treated erythrocytes could be returned to normal morphology and
normal membrane rheology by addition of chlorpromazine. [37]. In
addition, a spontaneous shape change occurs if the cells are in contact
with a glass surface [38].
Usually, as predicted by BCC, interaction of RBC with stomatocytic
agents resulted in initial echinocytosis with subsequent transformation
to discs and further to stomatocytes. However, among the stomatocytic
amphiphiles therewere some that induced stomatocytosis immediately
or after a short lag time while others ﬁrst passed the erythrocyte
through echinocytic stages before stomatocytic shapes were attained
[39–41]. Characteristic triphasic timecourse of shape changes consisting
of rapid formation of stomatocytes followed by reversion to discs or
echinocytes and then again to stomatocytes was found for RBC having
positive transmembrane potential after interactionwith CPR [42]. These
shape changes lasted about 30 min. Various shape dynamics were
observed upon interaction of some anionic and cationic drugs with RBC
in media of different chloride content [28,43,44]. Exogenous phospho-
lipids DLPC and DLPS initiated the conversion from echinocytes to
stomatocytes which was attributed by selective and energy-dependent
translocation of PS to themembrane inner leaﬂet [40,41]. In all cases, the
cell transformation from echinocytes to stomatocytes proceeds via an
intermediate discoid shape. The same results were demonstrated for
many other short-chain (dilayroil)phospholipid analogues [45].
Finally, many useful examples of echinocyte–stomatocyte trans-
formation induced by variety of conditions can be found in the works
of Schwarz et al. [23,46] dealing with RBC modiﬁed by electric ﬁeld
pulses. Echinocytes formed from discocytic erythrocytes by electric
ﬁeld pulses at 0 °C return to the discocytic shape upon incubation at
37 °C and subsequently turn into stomatocytes due to an active and
passive components of phospholipid translocation. Repetitive pulses
at higher ﬁeld strengths lead to a progressively more discocytic
stationary shape during subsequent resealing. This phenomenon was
explained by the progressively increased transbilayer mobility of the
normally almost immobile phospholipid sphingomyelin and a con-
secutive progressive symmetrization of all membrane phospholipids
[23].
In his review, Nakao [25] listed several points not easily explained
by BCC in its simplest formwhere lipid bilayer alone is responsible for
shape changes. These observations, in fact, do not contradict to BCC if
composite membrane is taken into account because some alterations
during experimental treatments may occur within membrane
skeleton as well. In the same way, ﬁndings apparently not consistent
with BCC found in [39] could be attributed to amphiphile-induced
formation of non-bilayer HII phase, conditions that are not described
by this model.
Nevertheless, there are some data that on the ﬁrst glance indeed are
difﬁcult to reconcilewith BCC. Schwarz et al. [46] showed that extensive
membrane modiﬁcation by repetitive ﬁeld pulses followed by 20 h
incubation at 37 °C produce discocytic cells which are resistant tomany
established shape-transforming treatments, including single electric
ﬁeld pulses, Ca2+ incorporation and exposure to membrane active
amphiphiles,metabolic depletion, binding of band3 ligands, alkaline pH
and contact with glass surfaces. Some effects can readily be interpreted
by a complete symmetrization of the phospholipids in pulse-modiﬁed
cells which prevents shape transformations related to the asymmetric
1769S.V. Rudenko / Biochimica et Biophysica Acta 1798 (2010) 1767–1778disposition of the phospholipids. The reason of other effects is unclear.
Although important, these ﬁndings were obtained using modiﬁed and
leaky, not native, cells. It is possible that such type of modiﬁcation
impairs some part of shape-transforming mechanism and therefore
could not be considered as a strong argument against BCC. In summary,
it seems there are no at present direct experimental evidences con-
tradicting BCC for native RBC at near physiological environment.
Interestingly, the similar sequence of echinocyte–stomatocyte fast
shape changes observed in electroporated cells was found when RBC
were placed in isotonic sucrose solution with low amount of phos-
phate which did not contain any additional constituents able to
induce shape changes. Inhibitor of anion transport DIDS substantially
inhibited this retransformation [17]. Mechanism of this phenomenon
is virtually unknown, although it is well established that RBC assume
stomatocytic shape in hypotonic and mixed sucrose–salt solutions
[16,17,20,28,29,31] and futures of morphological response have been
recently characterized [32].
In this paper, we investigated the dynamics of RBC shape response in
simple unbuffered near isotonic sucrose solutions to give new insight on
themechanism of RBC shape changes caused by controlled challenge in
cell environment.We identiﬁed several shape states of RBC and showed
that rather mild changes in cell environment initiated a series of pro-
nounced fast and slow transitions between these states. Some tran-
sitions are expected based on BCC whereas other transitions are not
expected and seem tobehardly explain by this concept in its direct form
pointing to the need for a more complex description of the membrane.
2. Materials and methods
EDTA (tetra and disodium salts) was purchased from Sigma, N-(2-
Hydroxyethyl)piperazine-N′-2-ethanesulfonic acid (HEPES) was from
Serva and sucrose fromMerck. Ophtalmic reagent Xalacom containing
Latanoprost and Timolol was from Pﬁzer (Belgium). All other reagents
were obtained from major suppliers and were of the highest purity
available.
2.1. Preparation of erythrocytes
Human blood was withdrawn in vacuum vacutainer tubes with
sodium citrate or EDTA as anticoagulants on the day of the experiment
from informed volunteers. After free blood sedimentation, 0.15 ml of
the red blood cell pellet was transferred into and washed once in 5 ml
of physiological saline (PS) (150 mM NaCl) and then once again in
5 ml of HEPES-buffered saline HBS (150 mM NaCl, 5 mM HEPES, pH
7.4). Excess supernatant after the centrifugationwas removed to leave
1 ml ﬁnal volume of red blood cell stock suspension which, if not
indicated otherwise, was allowed to stay for 2 h at room temperature
before measurements to avoid initial drift in cell properties [32].
2.2. Measurement of dynamics of RBC shape changes
A non-invasive method based on measuring ﬂuctuations of light
ﬂow (transmission) through the cell suspension bearing information
about cell ﬂatness (or sphericity) was implemented in a two-channel
shapemeter–aggregometer SA-01, which was used to monitor time-
dependent shape changes of RBC. The principle of the method was
published elsewhere [47]. The shape index (SI)was estimated according
to theprotocol described earlier for shapedeterminationof erythrocytes
and calculated by the following expression: SI=k×D, where k is a
constant, depending on the ampliﬁcation of the signal and device
calibration, and D is a mean value of light ﬂow ﬂuctuations, averaged in
1-s intervals. The calibration coefﬁcient k can be used to form a scale,
allowing to estimate dimensionless SI, which reﬂect the shape of RBC. It
was adjusted so that the value of SI for fresh erythrocytes in HBS was
equal 1. Under these conditions, the minimal value of SI which
corresponds perfect spheres was ∼0.07. The 7–10 μl of RBC from thestock suspension was added to a cylindrical glass cuvette containing
2 ml of HBS to obtain an initial value of absorbance in the range 0.30±
0.02. This corresponds to a cell concentration in the cuvette ∼6×106
cells in 1 ml. The same amount of cells was added to 2 ml of standard
unbuffered 0.3 M sucrose solution (SSS) (pH 5.8–6.2) with mixing
at 600 rpm by a small magnetic rod and the recording of the signal
started immediately. Due to limitations discussed elsewhere [32], solu-
tion of 0.3 M sucrose was used throughout of experiments as standard
medium.
2.3. Determination of red blood cells morphology
RBC were ﬁxed by glutaraldehyde directly in the cuvette after
desired time of equilibration. The ﬁnal concentration of glutaralde-
hyde was usually 0.45% and the ﬁxative contained additionally phos-
phate buffer which gave 1–2 mM ﬁnal concentration in the cuvette
after dilution, pH 6.0. Steady-state morphology of RBC after 5 min of
incubation in the presence of ﬁxative in sucrose media was inspected
by lightmicroscopy in thin layer [38]. Data presented in the ﬁgures are
typical from 3 to 5 independent experiments carried out with blood
from different donors. All experiments were performed at room tem-
perature (20–22°C).
3. Results
3.1. Characterization of changes of shape index and absorbance during
MR
When RBC are ﬁrst placed in isotonic sucrose solution with low
chloride content dynamic shape response called morphological re-
sponse (MR) is observed. Generally, it consists of three phases: (i) fast
spherulation (phase 1), (ii) restoration of shape close to discoidal one
(phase 2), followed by (iii) a secondmore slow spherulation (phase 3).
Fig. 1 shows characteristic examples of changes in absorbance and SI of
stirred cell suspension for 3 donors obtained in different experiments. It
is seen, that dynamics of changes in both parameters could be varied
depending on blood sample and procedure of its preparation, especially
on ionic composition of stock solution in which RBC are equilibrated
before placing them into sucrose solution. Taking inmind this variability
[32] in the present study, we analyzed only samples that show char-
acteristic control shape response like that shown in Fig. 1. Microscopic
observation revealed that RBC at the end of phase 2 (when SI reaches its
maximal value) appeared as discs, whereas at the end of phase 3 they
have a shape of stomatocytes. Direct visualization of actual cell shape in
phase 1 is complicateddue to rapidity of process at the beginning ofMR;
however, ﬁxation of samples (see below and data from [32]) revealed a
prevalenceof echinocytic shapes. Therefore, standardMRrepresents the
following sequence of morphological transformations: discocyte (in
HBS)Nechinocyte (phases 1 and 2)NdiscocyteNstomatocyte (phase 3).
This morphological transformation is rather a fast process, usually
comprises 1- to 2-min intervalwith peak SI valuewithin 20–30 s. As can
be seen from Fig. 1, the morphological response in general is re-
presented by a curve in the shape of wide or narrow peak.
Fig. 1B shows dependence of absorbance versus SI during MR. Two
linear parts are clearly visible on these plots. The ﬁrst line with smaller
angle between SI axis and absorbance axis corresponds to phase 2
(increase in SI) while the second line corresponds to phase 3 (larger
angle, decrease in SI). Arrows show direction of SI changes during time
course of MR. Straight lines indicated represent linear regression ﬁt of
experimental data in the form: absorbance=b0−b1×SI performed in
SigmaPlot. Values of b1, characterizing slope of lines calculated for 3
donors shown in Fig. 1, are as follows: phase 2: b1(1)=0.022, b1(2)=
0.021, b1(3)=0.022; phase 3: b1(1)=0.056, b1(2)=0.047, b1(3)=
0.056. Therefore, the slope in phase3 is twice as large as in phase 2 for all
donors, although time courses of MR for them are not identical. This
mean that MR could proceed with different rate while preserving
Fig. 1. Characteristic examples of changes in absorbance and SI of erythrocytes versus time (morphological response (MR)) after their transfer into SSS (A) and corresponding
dependence of absorbance versus SI (B). Solid lines indicate linear regression ﬁt of data before and after the SI maximum. Arrows indicate direction of SI changes during MR. Each
curve corresponds to individual experiment, including separation of red blood cells from different blood samples and preparation of new fresh sucrose solutions.
Fig. 2. Schematic diagram of MR. Here S0 is an initial rest discoid shape state of RBC in
isotonic physiological solution at normal pH. S1—echinocytic state which the cells
assume immediately after placing them into isotonic sucrose medium with low
chloride content. S2—intermediate discoid state. S3—ﬁnal stomatocytic state. Transition
S0→S1 proceeds through phase designated as phase 1. Similarly, phases 2 and 3
indicate transitions S1→S2 and S2→S3, respectively.
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believe that this conservative relationship can be used to identify the
trajectory of shape changes in terms that during discocyte–echinocyte
(stomatocyte) transition, eachparticular shape identiﬁedby thevalueof
SI corresponds to certain value of absorbance. The fact that this relation
is linear provides a uniquepossibility to use coefﬁcient b1 as a parameter
characteristic to actual phase ofMR. In this paper,wewill use this typeof
analysis based on linear dependence between absorbance and SI
(absorbance–SI analysis, ASI) during time course of MR to isolate and
identify different morphological states, phases and possible transitions
between different states including identiﬁcation of trajectory, i.e. actual
route of cell shape changes during transition from one state to another.
There are at least two reasons why two linear parts on ASI plot have
different slopes. The ﬁrst possibility could be based on assumption that
echinocytes and stomatocytes scatter light in a different manner. If so,
the same changes in SI during shape changes from discs to echinocytes
or stomatocytes will correspond to different changes in absorbance and
will lead to different values of slope. For instance, if phase 2 reﬂects
transition from echinocytes to discs, corresponding changes in
absorbance are smaller compared to those inphase 3which corresponds
to transition from discs to stomatocytes. This means that at the same
degree of sphericity, stomatocytes scatter more light than echinocytes
resulting in a larger relative absorbance deﬂection. The other possibility
relates to volume changes of cells in sucrose solution. The absence of
external chloride leads to intracellular chloride loss and cell shrinkage
[48,49], which is accompanied with increase in absorbance [50]. In
phase 3, the cell shrinking is accompanied bydisc crenationboth leading
to increase in absorbance, whereas in phase 2 shrinking is accompanied
with reverse shape transformation from sphere to disc, the latter leads
to decrease in absorbance. The superposition of these opposite trends
can give a smaller resultant absorbance deﬂection and correspondingly
lower value of b1. It is not excluded that bothprocesses partly contribute
to overall changes in absorbance during MR.
Schematic diagram of MR is shown in Fig. 2. Standard MR is
considered as a spontaneous sequential morphological transition from
discoid shape to ﬁnal stomatocytic shape. Here S0 is initial rest discoid
shape state of RBC in isotonic physiological solution at normal pH.
Placing cells into isotonic sucrose medium with low chloride content
initiates shape transition toward the new echinocytic state S1. This
transition proceeds through phase designated as phase 1. After that the
cells spontaneously perform additional transitions from S1 to interme-diate discoid state S2 (phase 2) and further to ﬁnal stomatocytic state S3
(phase 3).
The molecular mechanisms and actual reasons why the cells
demonstrate such a behavior is not clear. However, from the general
point of view based on bilayer couple concept (BCC), the following
workinghypothesis couldbeproposed. It is basedon the assumption that
in sucrose solution the cells experience a combine inﬂuence of at least
two factorswithopposite typeof action relative cell shape (echinocytic or
stomatocytic) and different rate constants determining temporal
characteristics of their action. For example, sucrose solution could be
consideredas strongbut relatively slowly acting stomatocytogenic factor,
and there are many conﬁrmations in the literature that shape of RBC in
sucrose solutions are usually stomatocytic [16,17,19,20,28,29,31,42]. On
the other hand, the absence of chloride in sucrose solutionwould lead to
fast recruitment of AE1 into outward facing external conformation and
expansionof externalmonolayer ofmembrane resulting in echinocytocis
[17,20]. Therefore, after initial echinocytosis (S1), the permanent
stomatocytogenic action of sucrose will cause transition of cells into
stomatocytes through discoid shape (S2) as intermediate in full
accordance with BCC. In this case, it is even not important what actual
reasons like positive transmembrane potential [28,29] or redistribution
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sucrose. Based on this preliminary schematic representation of MR, one
may suppose theoretically an existence of other possible transitions
betweendifferent shape states of RBCwhich arepresented in Table1 (see
discussion). In general, 12 possible transitions between 4 main shape
states may exist. Three of them constitute of standard MR. According to
Fig. 2 and BCC, other transitions between adjacent states could be easily
imaged if some additional factor acts in corresponding direction relative
to actual shape state. For example, transition S3→S2 is expected if
echinocytic agent is addedwhich compensates stomatocytosis in state S3.
Similarly, the same agent added at state S2 should initiate transition
S2→S1 or inhibit transformation toward S3. However, the existence of
more complex transitions such as S3→S1 or S3→S0, etc., should be
established experimentally. If exists, these transitions could represent a
difﬁculty for BCC to explain their origin and mechanism based solely on
area differences in both membrane monolayers.
3.2. Instability of state S2: transition S2→S1→S2→S3
Since second discoid shape in state S2 during MR is temporal, we
ﬁrst investigated the possibility of other transitions from this state
except normally occurring transition toward state S3. The example of
transitions induced by changes in pH is shown in Fig. 3. Aliquots of
NaOH needed to increase pH on approximately 0.5 (curve 2) or 1
(curve 1) pH unit were added at the SI peak position, i.e. in state S2. In
both cases, increasing pH initiated rapid transformation of cells into
spheres in direct proportion to magnitude of pH increase.
This latter transformation in turn was unstable and was completed
by series of additional transitions resembling standard MR. Because
basic pH is considered as echinocytic factor, the shift from discoid
state S2 to echinocytic state S1 could be suggested. This is conﬁrmed
by ASI analysis showing that corresponding parameters b1 for phase 2
(b1=0.0229) and phase 3 (b1=0.0422) of the second peak closely
correspond to those of control MR. This implies that shift in pH in
basic direction “reset” shape state S1 and initiates new series of shape
changes. Because total change in absorbance during this process
including second pH-induced peak is larger compared to control MR
without pH shifts, one may conclude that pH-induced shape
transformation proceeds with additional volume changes.
3.3. Effect of NaCl, calcium, citrate and pH shift on different phases of MR
Data presented in Fig. 4 show effects of increasing ionic strength
and application of citrate at ﬁnal shape state of MR S3 as well as anTable 1
Possible transitions between RBC shape states.
Main
state
Transition Characteristic
and conditions
b1 End state probing test
DIDS ΔpH
S0 Responsive Unresponsive
S0→S1 Phase 1 0.05
S0→S2 +NaCl, +Ca2+ Fixing Responsive
S0→S3 Shown in [42]
S1
S1→S0 ?
S1→S0A Oxalate Responsive Responsive
S1→S2 Phase 2 0.022
S1→S3 Shown in [56]
S2 Fixing Responsive
S2→S0 Rare Responsive Unresponsive
S2→S1 Basic pH shift,
oxalate, citrate
S2→S3 Phase 3 0.051
S3
S3→S0 Oxalate, Xalacom Responsive
S3→S1 Basic ΔpH
S3→S2 NaCl Fixing Responsiveaction of calcium at the very beginning of process and an acid pH shift
applied in state S2. Corresponding ASI plots are shown in Fig. 5.
Adding NaCl to the cells in state S3 (150 s after beginning of MR)
resulted in slow increase of SI indicating returning cell shape to disc.
This reversibility did not depend on time which the cells spent in
sucrose solution because similar restoration of SI was detected when
NaCl was added in 75 or 450 s after the cells. ASI analysis (Fig. 5A)
shows that SI reversal follows almost the same trajectory as direct
transition from S2 to S3 duringMR despite the fact that absolute values
of absorbance depended on time of cell equilibration in sucrose. The
latter is attributed to more pronounced shrinkage of cells at longer
equilibration period. Probably due to volume changes the ﬁnal value
of absorbance after shape restoration does not coincide with
corresponding initial value in state S2 both having similar SI. Taking
in mind that parameter b1 has the same value during direct and
reverse transitions, one can suggest that NaCl induces restoration of
state S2 in which the cells have slightly reduced volume. On the other
hand, it is not excluded that actually this new discoid state represents
S0. Indeed, if the value b1 for direct transition S3→S2 is close to that of
S3→S0, then ASI analysis is unable to distinguish between them.
To investigate a possible role of volume changes, we compared a
magnitude of absorbance and SI in sucrose solutions containing
20 mM NaCl. As seen in Fig. 6, both the absorbance and SI have the
same values in state S2 during MR and in discoid state when NaCl was
added to sucrose prior the cells. In the latter case, triphasic MR is
absent (see Fig. 7B, SI2, tracks 3 and 4) and the cells have large SI
indicating discoid shape. Absorbance is higher and SI is lower when
NaCl was added 150 s after the cells showing incomplete restoration
of cell shape and volume. In other experiments with different blood
samples, the complete restoration of SI could be attained, which
nevertheless corresponds to higher value of absorbance.
These data show that in media with equal composition, the same
values of SI correspond to different values of absorbance, most
probably attributed to volume decrease. It should be noted that
adding NaCl at SI peak position inhibited phase 3 (see below) and did
not change absorbance, further suggesting that at these circumstances
NaCl inhibited volume changes also. These data could be interpreted
in a manner that NaCl could either abolish sucrose-induced volume
changes or even reverse them. Therefore, NaCl restores discoid shape
of cells in parallel with partial restoration of volumewhich cells had at
the moment of NaCl addition. This imply that injection the cells into
NaCl–sucrose solution does not substantially change the shape and
volume of cells at least within ﬁrst 2–5 min of incubation, and there-
fore the cells are probably in the same state S0 as in electrolyte
physiological saline. However, the question what state S0 or S2 the
cells are entering after NaCl addition in sucrose solution requires
further elucidation (see below).
Data presented in Fig. 4 show that in the presence of Ca2+ (or at
low pH, not shown), there is no visible phase 1 and the rate of shape
changes is reduced. Therefore, in these media, the cells demonstrate
only transition toward ﬁnal state S3 with b1 value corresponding to
phase 3 (b1=0.049 for both cases). Similar result was obtained in the
presence of Na2EDTA (50 μM)with value b1=0.047, which also tends
to lower pH of solution (not shown). Based on these ﬁnding, we can
assume that under these circumstances the cells do not enter into
state S1 but rather undergo direct transition from S0 to S2 and further
to S3. This could be expected because low pH [15,16,18] and probably
Ca2+ [51] are stomatocytic and compete with echinocytosis in phase
1. On the other hand, it could be expected that the rate of phase 3
would be increased owing to combine action of sucrose and low pH or
Ca2+. This is not conﬁrmed in the experiment because the rate of
phase 3 is even lower compared to control suggesting more complex
mechanism than pure additive effect. Inhibition of phase 1 by Ca2+ or
low pH did not prevent NaCl-induced ﬂattening of RBC (Fig. 4);
however, the rate and extent of restoration was smaller compared to
that in the absence of Ca2+ and at pH 6.0 (not shown).
Fig. 3. Effect of basic pH shift applied in state S2 of MR on subsequent dynamics of shape changes (curves 2 and 3). The arrows in A show moment of NaOH addition in order to
increase pH of the media approximately by 0.5 or 1 pH unit. Curve 1 corresponds to standard MR without pH changes. (B) Absorbance–SI plot corresponding to curve 2 in A. The
arrows indicate direction of SI changes during MR and after increase in pH. Similar plot was obtained for curve 3 (not shown).
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ment was changed in state S3. Moderate increase in pH initiated
complex shape response including transient phases (probably fast
swelling as judged from abrupt decrease in absorbance). Remarkably,
the subsequent time courses of absorbance and SI changes were
nearly identical to initial MR except of increased absorbance (Fig. 7A,
SI2). Fig. 5C clearly shows equal slopes of absorbance–SI dependencies
for corresponding phases during shape transformation. Practically the
same results was obtained for Na4EDTA (50 μM) which also slightly
increased pH of sucrose. Lowering pH at this 150-s point reduced SI
further and did not cause large additional time-dependent changes in
absorbance and SI (not shown). Due to identical behavior of both
absorbance and SI during the second pH or Na4EDTA-induced shape
wave, we suggest that in order to do that the cells should undergo
direct transition from stomatocytic state S3 again to state S1 without
reaching an intermediate discoid shape. The other possibility is that
transformation into the discs proceeds very quickly (in fraction of
second) and could not be registered. This is true for measurements of
SI those are limited by integration intervals in 1 s. However, the timeFig. 4. Effect of NaCl, CaCl2, NaOH, HCl and citrate on time course of SI changes during
MR. Arrows show moment of addition of reagents at ﬁnal concentration in mM: NaCl
20, CaCl2 0.5, citrate 0.1. Amounts of NaOH and HCl were adjusted in order to increase
or decrease pH of the media approximately by 1 pH unit, respectively. Labels with (+)
indicate that reagents were added to the media prior the cells. Control curve in SI2 is
shown for comparison.resolution of absorbance is much higher (20 ms). Since shape changes
are reﬂected in both absorbance and SI, the absence of fast changes in
absorbance sufﬁcient to accommodate discoid shape makes the
presence of this intermediate shape less probable. According to our
scheme (Fig. 2), transition S3→S1 indicates that stomatocytes with
high degree of sphericity (low SI) are rapidly and continuously trans-
formed into echinocytes with near the same sphericity and therefore
change the sign of membrane curvature from negative (concave) to
positive (convex).
Data from Fig. 4 show that at low concentration, citrate initiates
transition which could be recognized as S3→S2→S3. In contrast toFig. 5. ASI plots corresponding todata presented inFigs. 4 and7A (SI2). The arrows indicate
direction of SI changes during MR and after addition of reagents. (A) NaCl; (B) CaCl2;
(C)NaOH; (D) citrate. Curve 1 inA corresponds to the shape restorationof cellswhichwere
equilibrated in sucrose solution for 450 s before addition of NaCl.
Fig. 6. Absorbance (open bars) and SI (ﬁlled bars) of cell suspension in state S2 (1), state
S3 (3), when NaCl was added to sucrose solution prior the cells (2) and after NaCl-
induced reversion of state S3 (4). The data are shown as mean±SD, n=4.
Concentration of NaCl is 20 mM.
Fig. 7. Characteristic examples of morphological response and effects of oxalate, NaOH
and Xalacom on time course of RBC shape changes in SSS (A) and effects of NaCl, CaCl2,
NaOH and DIDS added in some temporal points during MR (B). (A) The arrows show
moment of addition of oxalate at ﬁnal concentration 2 mM, NaOH to increase pH in 1 U
or 6 μl Xalacom (for content see Materials and Methods) to 2 ml of RBC suspension.
Critical points P1–P9 correspond to time points in which ﬁxative containing
glutaraldehyde was added in order to ﬁx actual shape of RBC in these points for
subsequent microscopic examination. (B) Final concentrations of NaCl 10 mM, CaCl2
0.5 mM, and DIDS 20 μM. Labels with (+) indicate that reagents were added to the
media prior the cells.
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citrate initiated very rapid (within several seconds) restoration of
discoid shape. This restoration follows almost the same trajectory
(Fig. 5D) as initial direct transition S2→S3 with slightly lower value of
b1 (0.044 vs. 0.048). The similar results conﬁrming reversible reversal
of S3 in the order S3→S2→S3 were obtained also with oxalate, salic-
ylate and tartrate when appropriate concentrations of reagents were
used (not shown).
3.4. Effect of pH on dynamics of MR
If BCC can be used to describe general futures ofMR, taking inmind
schematic representation of process (Fig. 2), we canmake a prediction
that stomatocytic agent acting at the end of phase 1 (state S1) should
facilitate the transition S1→S2→S3. When considering stomatocytic
agent in nonelectrolyte solution, it should be taken into account the
chemical nature of agent. In fact, being stomatocytic in physiological
salt solution such an agents could demonstrate diverse effects under
hyperpolarization conditions [42–44]. For instance, chlorpromazine
as a classical stomatocytic agent cannot be used to verify the above
proposal under present experimental conditions [52]. We therefore
additionally explored an effect of low pH which as well known
induces stomatocytosis [15,16,18] and inhibited phase 1. In accor-
dance with prediction data from Fig. 4, it shows that lowering pH in
5 s after beginning of MR, i.e. at state S1, accelerates both phases 2 and
3 proportionally to acidiﬁcation of the external medium.
The same pH lowering at peak value (state S2) (Fig. 4, SI1, track 3)
greatly stimulated phase 3 especially when the shift in pH was
increased, whereas changing pH at state S3 produced almost no effect
(not shown). These ﬁndings conﬁrm the suggestion that low pH and
sucrose act in the same stomatocytic direction and low pH potentiates
the effect of sucrose. Surprisingly, this potentiation occurs, however,
only when pH drop is applied after beginning of MR not before them. In
addition, total change of absorbance (difference between maximal and
minimal values during MR at standard interval in 150 s) at low pH was
smaller (ΔA=0.03) compared to that of normal pH (ΔA=0.05). The
latter could indicate that shape transformation at low pHproceedswith
limited volume changes that is consistent with the observations that
low pH induces swelling of the cells [16]. Qualitatively similar results
were obtainedwith calciumat concentrations 0.1–0.5 mM(not shown).
The fact that lowering pH or adding Ca2+ in 5 s after beginning of MRaccelerates phases 2 and 3 whereas eliminates phase 1 and inhibits
phase 3 when injecting the cells into calcium-containing or low pH
media suggests that all these phases could be regulated independently.
3.5. Microscopic veriﬁcation of RBC shape in critical points of MR
Fig. 7A illustrates several examples of MR where ASI analysis can
make some important predictions about actual shape of RBC in certain
time points duringMR shown in the Figure. Adding oxalate to the cells
in state S3 results in abrupt decrease in absorbance and increase in SI
followed by subsequent time-dependent changes in these para-
meters. Although qualitatively similar to changes induced by pH, this
response is different because SI jumps immediately (without delay)
after oxalate addition. After that, it reaches the minimum before
restoration to ﬁnal maximal value corresponding to discs. ASI analysis
has shown that last phase of MR after oxalate addition has the value b1
close to that of control phase 2. Because phase 2 usually follows phase
1 it could be expected that the phase between the moment of oxalate
addition and SI minimum represents phase 1. If so, the state in which
the cells are entered immediately after oxalate addition should be S0.
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limitation (∼1.5 s) to reach homogeneous distribution of cells in the
cuvette after injection. Therefore, we do not know the value of param-
eter b1 for this phase. In the presence of oxalate, the presumable phase 1
became longer (∼10 s) allowing to estimate b1.We found that the value
b1 of phase 1 is close to that of phase 3 (∼0.05). Therefore, ASI analysis
predicts that stomatocytic shape in point P1 should be transformed by
oxalate into echinocytic shape in point P2 designating transition
S3→S0→S1. Similarly oxalate induces transition S2→S1→S2 being
added at SI peak position (point P3) and stabilizes state S1, producing a
lagwhen initially present in themedium(point P4). It is expected that at
all these points the cells assume echinocytic shape. These expectations
have been conﬁrmed by the microscopic analysis of samples ﬁxed in
corresponding time points directly in the cuvette during MR (Fig. 8). In
contrast to point P1 where only stomatocytes can be found at terminal
phase of MR, points from 2 to 4 contain many echinocytes in excellent
agreement with ASI analysis. This analysis also predicts direct con-
version of stomatocytes into echinocytes without intermediate discoid
shape which occurs after pH increase in phase 3 leading to a second
wave of nearly identicalMR (Fig. 7A, SI2).We therefore expected to ﬁnd
echinocytes immediately after basic shift of pH (point P5) that was also
conﬁrmed by microscopy (Fig. 8, P5). Importantly, these echinocytes
were spontaneously transformed into the discs and further to
stomatocytes as visualized in point P6.
According to ASI analysis and corresponding time course of MR,
the action of Xalacom was similar to that of oxalate. Indeed, ex-
clusively echinocytes were found in the minimum of SI (point P8)
after Xalacom addition and discocytes after restoration of SI (point P9)
in the presence of Xalacom, respectively. The mixed populations of
RBC containing echinocytes, stomatocytes and discs (point P7) or
echinocytes and stomatocytes (point P5) or echinocytes and discsFig. 8. Morphology of ﬁxed RBC in critical points P1–were revealed immediately after Xalacom addition, pH shift and
addition of oxalate (point P2).
3.6. Possible existence of other transitions: S0→S3; S1→S0; S2→S0;
S1→S3 and probing test to distinguish between S0 and S2
The foregoing results directly demonstrate an existence of eight
transitions between some shape states according to scheme shown in
Fig. 2. The main difﬁculty in assessing possibility of other transitions
arise from the fact that two states S0 and S2 are discoid and transitions
between them are undetectable by the present technique. It is a
question; is it correct to consider S0 and S2 as different states? Taking
this in mind, we performed an additional attempts to distinguish
between these discoid states. We saw above that prerequisite of state
S2 is a high sensitivity to basic pH shift (Fig. 3). In addition, data from
Fig. 7B (SI1, track 2) show that 20 μM DIDS is able to ﬁx this state
completely inhibiting phase 3. So, in general, this state is ΔpH
responsive and DIDS ﬁxing. Even after ﬁxing by DIDS, this state is still
ΔpH responsive. In contrast, in physiological saline (150 mM NaCl)
state S0 is DIDS responsive and ΔpH unresponsive (not shown).
Therefore, these two states are principally different in their response
to DIDS and ΔpH. As shown in Fig. 7B, the states S2 predicted by ASI
analysis and arising after shape restoration induced by NaCl or in the
presence of 0.5 mM Ca2+ both have the same future. The ﬁrst result
conﬁrms the transition S3→S2 whereas the second points to tran-
sition S0→S2 which occurs in the presence of Ca2+ at the beginning of
MR. When NaCl is added to the medium before the cells, the resulting
state is again S2 because it is ΔpH responsive and DIDS ﬁxing (Fig. 7B,
SI2, tracks 3 and 4), indicating the same transition S0→S2.
Our DIDS probing test additionally conﬁrmed an existence of short
lived state S0, not S2 after oxalate addition in state S3 (150 s after theP9 shown in Fig. 7A. Initial magniﬁcation, ×800.
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sharp peak, i.e. in 2 s after the oxalate, it immediately decreased SI and
inhibited subsequent shape restoration. Again, addition of DIDS just
prior the oxalate did not inﬂuence this peak but again inhibited SI
changes after the peak (not shown). These results strongly suggest
that this intermediate peak reﬂects DIDS-responsive state S0, not S2,
which, in contrast, is DIDS ﬁxing, thus conﬁrming ASI predictions. An
interesting ﬁnding was that ﬁnal discoid shape that cells assume in
the presence of oxalate (Fig. 7A, SI1, track 2 and 3) possesses both
DIDS and ΔpH sensitivity and therefore this state is not a pure S0 or S2
state. It seems possible to consider this special state as substate of S0
(S0A) which become also ΔpH responsive. In some our experiments,
we found that state S2 can be converted into S0 when NaCl is added in
MR peak position, because the ﬁnal state become DIDS responsive and
ΔpH unresponsive that corresponds to S0 in physiological saline.
However, reproducibility of these results was pure and underlying
reason for that it is not clear. Nevertheless, this is an indication that
states S0 and S2 could bemutually converted in each other under some
circumstances. Thus, probing the actual state by DIDS and ΔpH can
help in distinguishing between S0 and S2 states in sucrose solution.
4. Discussion
In discussing the present data, some general remarks should be
done. (1) BCC having clear physical background could be applied to
human RBC, a ﬂexible cell devoid from developed intracellular
cytoskeleton network having composite membrane within the limits
of rather small surface perturbations provided the functional state of
membrane remains in large extent intact. In this case, RBC can be
considered as a giant ﬁlled vesicle which shape is under control of
relative surface difference between leaﬂets of composite viscoelastic
membrane [53], (2) decisive conclusions as for compatibility of BCC to
description of real shape dynamics could not be made from experi-
ments in which membrane structure was impaired or changed by
experimental maneuvers like the treatment the cells by detergents,
ionophores, enzymes, electrical breakdown and so forth without
detailed knowledge of mechanism of action of perturbants. For
example, we believe that conclusion about relationship between RBC
shape and transmembrane potential could not be conclusively in-
ferred only from experiments with ionophores due to uncertainties in
the effect of ionophore itself.
The purpose of the given work was to characterize dynamic shape
transitions (morphological response, MR) of native erythrocytes upon
their introduction into a nonelectrolyte medium containing or not
rather small amount of other constituents like chloride, citrate, oxalate,
calcium, etc. The shape indexusedbyus to assess themorphologyof RBC
cannot distinguish the actual shape of cells when they are not discoid in
contrast to themorphological index [16,17,40,41]; however, SI could be
recorded continuously with high precision and time resolution that
gives an additional beneﬁt in constructing ASI plots. The use of SI is
better suited to analyze data in terms of deviation of the cell shape from
discs, bearing in mind that these changes could be in echinocytic or
stomatocytic directions.
Schematic diagram of the process is shown in Fig. 2 where the
phase 1 is echinocytic (state S1) and phase 3 is stomatocytic (state S3).
In terms of explaining the foregoing results, we proposed a working
model based on BCC that cell shape changes are the result of inﬂuence
of at least two factors acting simultaneously. One factor (factor 1) is
echinocytic and acts rapidly whereas other factor (factor 2) is
stomatocytic and acts slowly compared to the ﬁrst one but overall it
has stronger shape transforming potential.
Even more simple model including only one factor could be
suggested that MR is a result of inward transmembrane translocation
of some membrane component (e.g. PS) initially exposed to extra-
cellular leaﬂet of membrane as a result of contact with sucrose [41],
the idea similar to behavior of cell after electrical breakdown[23,46,54]. Both models can satisfactory explain the main sequence
of shape changes during MR as well as the following observations:
(1) Increasing pH (echinocytic) in discoid state S2 produced
echinocytes, whereas decreasing pH (stomatocytic) rapidly
produced ﬁnal stomatocytosis. When pH was lowered at
echinocytic state S1, this results in fast retransformation toward
discs and then to stomatocytes with increased rate.
(2) Injection of cells into the media containing stomatocytic Ca2+
[51] or low pH value [15] inhibited initial echinocytosis as
predicted.
(3) Addition of echinocytic salicylate or tartrate or small increase in
pH at stomatocytic state S3 induced rapid transient conversion
to discs followed by returning to stomatocytes.
The observations conﬁrming rather fast initial crenation followed
by retransformation to discs and stomatocytes retarded by DIDS have
been brieﬂy reported in [17]. These data are consistent with proposed
scheme and do not contradict BCC because echinocytes produced by
DIDS strengthens echinocytic action of factor 1 at the beginning of MR.
The transition echinocyte–disc–stomatocyte is a classical transition
predicted by BCC and conﬁrmed in many experiments with substances
having a preference to incorporate into inner monolayer of membrane
[6,10,12,39–41,47,55]. Removing of external agent could produce
transition in reverse order [1]. Transition could be reversed adding an
agent with opposite type of action [47,55]. In both cases, crenation and
invagination occurred through an intermediate disc shape. Under more
complex conditions stomatocytes could be directly transformed into
echinocytes [55], but reverse transition is impossiblewithouthemolysis.
Actually, these facts are not accepted by BCC; however, one should take
into account non-physiological conditionsunderwhich such effects take
place, as discussed above. Our previous experiments have shown that
transitions between stomatocytes induced by chlorpromazine and
echinocytes induced by lysolecithin could proceed in both directions via
discs as intermediate form precisely depending on concentrations of
reagents used and without hemolysis [47].
However, the following results obtained in this study are not
consistent with the models:
(1) NaCl induced shape restoration at any stage of phase 3
(transition S3→S2) and therefore behave like an echinocytic
agent. However, in contrast to this expectation NaCl strongly
inhibited rather than activated echinocytic phase 1. This effect
can be explained as a result of inﬂuence of ionic strength or
lowering of positive transmembrane potential on phase 3 of
MR as well as possible inﬂuence of chloride on inhibition of
phase 1.
(2) Initial low pH like NaCl and calcium inhibited phase 1 that is
consistent with its stomatocytic action. However, at those
conditions, low pH and calcium did not accelerate stomatocytic
phase 3 as expected and really occurred when pH was lowered
in 5 s after cells injection in standardmedium (Fig. 4, SI2, tracks
1 and 2). Probably these cases reﬂect signiﬁcance of ionic
environment at initial stage of MR.
(3) Our results show existence of rare direct transition between
stomatocytes and echinocytes without intermediate discoid
shape under mild environment conditions induced by moder-
ate increase in pH. pH per se is not considered as a strong
perturbing factor in the physiological range; however, at pHs
higher that 8.0 and lower than 5.5, the cells will crenate and
invaginate, respectively [15,16]. Therefore, based on BCC,
increasing pH in state S3 is expected to be echinocytic and
should reduce the degree of stomatocytosis leading to shape
changes in discs direction in a manner similar to that of NaCl.
Instead, the cells instantaneously adopted echinocytic shape
followed by spontaneous conversion to discs and further on to
stomatocytes resembling pH response in state S2 (compare
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factor 2 has a permanent action in time which is consistent
with view that it could be a positive transmembrane potential.
In general, it seems that cell response on basic shift in pH
principally does not depend on actual phase and state of the
cells during MR. Even injection the cells into media with
elevated pH resulted in the same type of reaction. This is in a
great contrast with mode of action of other substances where
the result does really depend on RBC state (e.g. oxalate, Fig. 7A,
SI1).
(4) While both low concentrations of citrate and oxalate initiated
fast return of stomatocytic cells from state S3 to discs (S2) as
predicted by BCC only for oxalate (echinocytic agent) and
contradict to citrate (stomatocytic agent), a larger concentra-
tions of both appear to stimulate a more complex transition
directly to S0 followed by starting MR from the very beginning
(“reset” phenomenon). It is important to note in this respect
that threshold concentrations of organic anions and some
inorganic anions producing initial visible effect on different
stages of MR are small enough and comparable to those of
surface-active agents and detergents while otherwise they are
not considered as strong shape perturbing factors at least at
such low concentrations. For instance, initial effective concen-
trations for acetate, oxalate, salicylate and tartrate were in the
range 150–250 μM and those for ions CO3–, HCO3–, H+, OH–,
citrate and Na4EDTA in the range 10–25 μM. All these ﬁndings
are not easily to be explained by BCC implying more complex
mechanisms involved.
Hoffman [1] showed that inHIS the sphere is an intermediate form in
conversion of RBC shape from one state to another during pH shifts in
both acid and base directions. Our data are consistedwith this view only
for basic shift inmixed sucrose–NaCl solutions (Fig. 7B, SI2, track 4) and
additionally provide the evidence that in pure LIS this response is
asymmetricwith discs as an intermediate forms and futures of only acid
shifts are compatible with the statements of BCC. Some authors deﬁned
that shape transformation and cell volume are almost unrelated to each
other [1,15,21,25,36]. This is also true for MR because discoid shape can
be attained at different volumes as visualized in ASI plots.
Ourmainﬁndings are summarized in Table 1where someproperties
of four basic states and 12 possible transitions between them are
indicated. We have shown for the ﬁrst time that two states S0 and S2
both being discoid nevertheless are different in their response to
probing by DIDS and pH shift. Further we have shown experimentally
that almost all set of possible transitions between neighbour or remote
states in a sequence shown in Fig. 2 could exit under appropriate
external conditions. Recently we have shown an existence of transition
S1→S3 induced by acid pH shift in the presence of benzalkonium
chloride. In contrast to transition S3→S1 where spherostomatocyte
could be transformed directly into spheroechinocyte the reverse tran-
sition was accompanied by some ﬂattening of the cell which
nevertheless did not assume discoid shape [56]. Transition S0→S3
induced by chlorpromazine in mixed sucrose–NaCl solution has been
reported elsewhere [42]. The only transition which has not been
identiﬁed yet is a transition S1→S0. Probably this transition requires
rather special external environment.
Because red blood cells are not damaged in simple sucrose solution,
containing only very few amount of other constituents, we believe that
the data presented here are the ﬁrst direct evidence against BBC. This
concept does not allow direct transitions between remote non-discoid
shapes aswell as it does not suppose an existence of two and evenmore
discoid states S0, S0A and S2. Therefore, we have to ﬁnd more realistic
description of mechanisms governing red blood cells shape.
The fact that RBC assume stomatocytic shape in sucrose solutions
is well known for many years but reasons for this still remain obscure.
Some explanations were proposed including membrane depolariza-tion [28,29] and counter ion binding [31]. From our data it is clear that
a strongmembrane depolarization is not a ﬁrst causal factor leading to
MR. If it was so, one would expect only limited shifts in the initial
sphering of the cells (phase 1) under conditions in which a large
inside positive potential is formed. Moreover, positive transmem-
brane potential is considered as stomatocytic agent [28,29], whereas
the initial shape of RBC during in MR is echinocytic. Ca2+ at low
concentrations (0.1–0.5 mM) and low pH strongly inhibited phase 1,
although at low pH potential is even higher than that at neutral pH
[57,58]. Obviously, the initial transmembrane potentials in these cases
were not substantially different; however, MR was. Therefore, at the
same high positive potential the cells could be echinocytes, discocytes
and stomatocytes. Involvement of increased surface potential of
membrane in LIS [57] and adsorption of counterions [31] can explain
only ﬁnal stomatocytic shapes of RBC in hypotonic and LIS media but
not an existence of multiple transitions especially when changes in
ionic strength are very low (Fig. 7). One of the possible explanation of
MR is based on the fact that LIS induced fast alkalization of RBC
cytoplasm due to rapid Cl− loss which was followed by a slower cell
acidiﬁcation due to operation of K+(Na+)/H+ exchanger in the
human erythrocyte membrane [49]. This Cl− loss and increase in
intracellular pH was inhibited by anion transport inhibitors. Our pH
data generally are consistent with suggested apparent correlation
between intracellular pH and cell shape. Increase and decrease in pHi
during MR correlate with echinocytosis and stomatocytosis, respec-
tively (Figs. 3 and 4). However, DIDS inhibiting elevation in pHi [49]
did not inhibit echinocytes formation while retarded retransforma-
tion forward stomatocytes [17] suggesting a more complex relation-
ship. In addition, unbuffered sucrose solution produces only limited, if
any, changes in pHi due to buffer capacity of intracellular hemoglobin.
Therefore, it seems that MR proceeds at virtually the same intra-
cellular pH and poorly depends on initial pHi value [32]. Additional
work is needed to clarify more precisely relationship between intra-
cellular pH and cell shape in LIS.
Since MR is revealed under conditions when normally silent
transport pathways are activated, it is reasonable to suppose that
NSVDC and/or K+(Na+)/H+ exchanger could take a part, but the exact
role of these systems is difﬁcult to evaluate at present because some
their features do not show a correlation with MR. For example, it was
shown that NSVDC channel activation was blocked by a decrease of the
intracellular but not the extracellular pHwith the apparent pK(A) value
for the effect was estimated to be 6.5 [48], whereas MR is strongly
dependent on extracellular pH shifts. K+(Na+)/H+ exchanger is
strongly activated in sucrose solutions containing Tris buffer and less
activated in tartrate [49], whereasMR is inhibited in the presence of Tris
[32]. Tartrate demonstrated complex response resembling thatof citrate
and oxalate (not shown). It is known that in normal erythrocytes,
osmotic shock, oxidative stress, energy depletion and Cl− removal
activate Ca2+-permeable cation channels with Ca2+-induced suicidal
erythrocyte death, i.e. surface exposure of phosphatidylserine, cell
shrinkage andmembrane blebbingwhichwas signiﬁcantly increased in
cells lacking AE1 [59]. Unusual dependence of MR on Ca2+ application
makes the involvement of this channel and subsequent biochemical
events resulting in KCl loss, activation of phospholipase A2 and
sphingomyelinase, formation of ceramide and phospholipid scrambling
of the cell membrane [60,61] probable also. Although contradictory, the
involvement of aforementioned transport pathways in MR could be a
basis for explanation why some principal observations are not
consistent with BCC. This is in line with the ability of ceramide to form
microdomains, which coalesce into larger platforms or macrodomains
(rafts), facilitate signal transduction initiated by the speciﬁc stimulus
[62] and are central for the spatial organization of receptors and
signalingmolecules [63]. MR therefore could be based on redistribution
of rafts in the plane of RBC membrane.
A peculiar feature of MR and especially additional morphological
responses on subsequent changes in cell environment is that they are
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additional substances that themselves could affect the shape of RBC. It
is hardly to imagine that these fast morphological transformations of
RBC are attributable to transmembrane redistribution of membrane
lipids because this is usually rather slow compared to the rate of shape
changes observed [17,58]. Echinocyte formation in electrically
porated cells is most likely caused by the reorientation of endofacial
aminophospholipids to the outer leaﬂet of the bilayer and proceeds
longer [54]. If initial echinocytosis in MR is attributed by similar
mechanism, it is not clear how small shifts in pH or concentrations of
inorganic and organic anions could dramatically and in some cases
instantaneously affect this reorientation (Figs. 3, 4, 7). Besides,
electroporated cells has been shown to be unresponsive to some
shape transforming stimuli [23,46]. In contrast, RBC in sucrose solu-
tion are even extra responsive to stimuli which otherwise produced
no effect in salt salines (citrate, oxalate, small pH deﬂections, not
shown). Nevertheless, it cannot be completely excluded at present
that some part in the mechanism of MR belongs to fast transmem-
brane redistribution since it is known that cholesterol [64], free fatty
acids [65,66] and ceramides [67] cross the membrane rather quickly.
Gimsa and Raid [17] suggested that the initial echinocytocis in LIS
is a result of recruitment of AE1 sites to an outward facing con-
formation. This conformation is believed to have larger external cross
section and produce an expansion of outer monolayer of membrane
[20]. Although reasonable, this proposal meets difﬁculties in explain-
ing speciﬁc blocking effect of calcium and low pH (Fig. 4) implying
that recruitment alone is not a sufﬁcient background. This aspect of
MR also directly contradicts to the model of shape regulation pro-
posed by Wong [3,4] because his model suggests that outward con-
formation of AE1, E0 leads to expansion of cytoskeleton network
producing stomatocytic shapes. Thus, the true reasons leading to
initial echinocytosis in phase 1 of MR still remain obscure.
Of course our scheme ofMR depicted in Fig. 2 is the simplest one to
describe this phenomenon. It is not excluded that shape of RBC can
assumemore than four basic states. The basis for this suggestion is the
identiﬁcation of substate of S0 (S0A) and observations that in some
experiments with different blood samples we identiﬁed discoid states
which were both DIDS and ΔpH responsive or instead DIDS and ΔpH
unresponsive. This could be interpreted in a manner that discoid
states S0 and S2 have different substates, e.g. S0A, S2A, etc., differing in
sensitivity to DIDS and pH shift. Identiﬁcation of these additional
states and their role in RBC morphological transformations awaits
future elucidation.
It is known that human erythrocytes are equipped with a diversity
of receptors and effectors that mediate well-characterized signal
transduction pathways in nonerythroid cells [68].
Morphological and volume alterations of human erythrocytes
caused by the anion transporter inhibitors has been assigned to AE1-
mediated transmembrane signalingwhich leads to altered cytoskeleton
dynamics [69]. Binding of ligands to the extracellular region of the
erythrocyte transmembrane protein glycophorin A induced a decrease
in membrane deformability. Since the property of membrane deform-
ability is regulated by the skeletal proteinson the cytoplasmic sideof the
membrane, this suggests that ligand binding may initiate a transmem-
brane signal. Both the extracellular domain to which the ligand binds
and the cytoplasmic domain of glycophorin A have been shown to be a
crucial for this process [70]. Any transmembrane signaling mechanism
suggests an existence of speciﬁc sensorwhichﬁrst come in contactwith
corresponding stimuli. In the study of pH equilibration in human red
blood cell suspension, it has been suggested that the species dominating
pH equilibration is probably dependent on the extracellular pH, which
determines themagnitude of the driving gradient for each H+ and OH−
ions, the idea close to the existence of extracellular pH sensor on RBC
membrane [71]. This corresponds to experimental results that kinetics
of the Cl–pHequilibration in human red blood cells depends strongly on
the kind and the concentration of the buffer system used [72]. In theother work, it was concluded that protons inhibit erythrocyte K–Cl
cotransport through internal histidine(s) which may be part of a pH
sensor [73]. A pH sensor was also identiﬁed for rabbit and human
chloride channels [74]. In order to regulate their volume, the cells should
sense volume changes, generate signals upon cell volume alterations
and transfer these signals to the transport systems executing sell
volume regulation [75]. Monovalent ions may serve as second
messengers in these responses although themolecular origin of sensors
involved remains unknown [76]. Since MR is accompanied with both
volume changes and redistribution of chloride, potassium and protons,
it is reasonable to suggest that these ﬂuxes in combinationwith pH and
volume sensor mechanisms could be involved in the actual mechanism
of this phenomenon.
Finally, it is not excluded that some shape effects could be attributed
to direct interactions between RBC membrane and sucrose itself.
Janoshazi et al. [77] showed that the human red cell glucose transport
protein and AE1 are in close enough contact that information can be
transmitted from the glucose transport protein to AE1 as well as in
opposite direction. Disaccharide caused a time-dependent biphasic
enhancement of tryptophan ﬂuorescence in fresh red cells, which was
modulated by the speciﬁc anion exchange inhibitor, DBDS (4,4'-
dibenzamido-2,2'-stilbene disulfonate), and depended upon speciﬁc
disaccharide conformation, indicating that these effects could be
attributed to a site sensitive to sugar conformation. Probably this is a
basis to explain whyMR is so critical to composition of sucrose solution
as well as a source of sucrose [32].
Therefore, it could be suggested thatMR represents a phenomenon
in which the major role can play pH and chloride-sensitive sensor and
switching mechanisms coupled with transmembrane signaling thus
involving both cytoskeleton and membrane in coordinated shape
response on changes in cell ionic environment.
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